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Abstract. The Microwave Limb Sounder observed waves
in stratospheric. temperature and 0,during the 1992 south-
ern winter. Wave 1 intensifics three times from mid Au-
gust through mid September, resulting in threw minor sud-
den warmings and increased zonal mean 03, when a 9 day
castward traveling wave becomesin phase with the station-
ary wave 1, When the waves arc in phase, an intensified
baroclinic zonc arises from the wave’s westward phase tilt.
Ozone wave amplitudes near 5 - 10 hPa intensify during
the warmings and arc larger than expected from photo-
chemistry alone, implying transport by planetary waves;
this is supported by positive phase correlation between
the waves in 03 and temperature.

Introduction

An analysis of the LIMS data sct [Leovy ct al., 1985]
showed that the ozone distribution is strongly affected by
planetary wave% leading to poleward transport of ozone
during sudden warmings. Another example, the 1988 sud-
denwarmings of the southern polar stratosphere [Kanzawa
and K awagucthi, 1 990; Schocberlet al., 1989}, led to an
anomalously weak ozone hole that year. T'he 1992 south-
ern winler experienced several minor warmings at a time
when increases in O3 were associated with transport into
the vortex [Manneyect a. submittedto this issue]. It
is expected that Os transport is related to the planetary
waves associated with these warmings.

T his letter describes observed wave activity associated
with the 1992 southern winter warmings and its role in
transporting ozone into the vortex. The data consist of
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Microwave Limb Sounder (MLS) measurements of temper-
ature (T) and O3 concentrationduring the period from 14
August through20 September 1992, retricved as described
by Waterset a. [1 993]. The useful vertical coverage with
current MLS algorithms (UARS version 0003 products) is
20 to 0.2hPa for T, and 100 to 0.2hPa for Oz. MLS tem-
peratures are supplemented below 20 hPa by National Me-
teorological Center (NMC) 12007 daily analyses sampled
along the MLS mecasurement track. MLS data validation
to elate shows zonal mean agreement with NMC tempera-
tures to 1-2 K between 10 and 1 hl-a and with ozonesondes
and SAG E Oz mcasurements to better than 10(% between
50and1 h] 'a Fourier cocflicients in time and longitude,
are cvaluated using the Sal by method[1 982], as described
by Elson et a, [1 993]. The mecasurement gcometry allows
resolution of zonal wavenumbers <7 and frequencices (pe-
riods) from 0.028/clay (36.1 day) to 1.04/clay (0.96 clay).

Obsecrvations and 1 )iscussion

Figure 1 shows 1" and Ojzzonal means at 5, 10 and
50 hPa. Three warmings, ~9 days apart arc seem at 5hl’a
and 10 hPa, and to a lesser extent at 50 hP’a. The second
warming has the largest temperatureincrease (18 K at 75S
and 5 hPa) developing over 3 days starting on 2 Septem-
ber (1)OY 246). Warming begins in the mid-stratosphere
above 10 hPa and propagates into the lowcw stratosphere
~ 1 day later. The southern mid-latitude stratosphere
to 20° S and the polar mesosphere south of 60° S experi-
ence cooling during the warmings. 1)uring the warmings,
zonal-mean 03 mixing ratio south of 60° S increases at &
and 10 hPa.The 03 mixing ratio increases arc largest dur-
mg the sccond warming, showing a 1.5 ppmvincrecase at
75° S and 5 hPa.

IYigure 2 shows the power spccira of the time serics of
T and O3 zonal waves land 2 al 75° S over a vertical
range from 50 to 0.2 h1 ‘a The power spectra arc typical
for thesouthern winter, containing primarily stationary
aud castward-propagating traveling waves [Mecchoso and
Hartman, 1982; Manncy ct al.1991}. Zonal wave 1 has
most of its power in a stationary wave, and 9 and 4.5
day eastward traveling waves. Wave 2 has no stationary
component but has traveling components with the same
periods as wave 1. Wave 2 is unusual this year in that its
amplitude is considerably smaller than wave 1 [Manney ct
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al., 1991].

At 20 and 50 hPa, the presence of ClO during this period
[Waters ct al., submitted to this issue] indicates chemical
loss due to processes triggered by heterogencous chemi stry.
The dissimilarity of Oz and ‘1’ time scrics spectra at these
pressurcs is consistent with the Oj field transitioning from
a transport- dominated regime to one dominated by 03
loss.

in the Matsuno [1 971] model of sudden warmings, the
mean field is perturbed by waves having growing ampli-
tudes. Figure 3 shows the amplitude of wave 1 at 75° S
and 5 hPa during the period of observation. During cach
of the warmings, wave 1 intensificsin both T and Oz
but the intensification of wave lin 03 lags bchind the
wave in “J. The amplitudes of the 9and 4.5 day travel-
ing waves, obtained by Gaussian bandpass filtering the
spectra (0.04/clay half width at half-maximum) arc aso
shown. The 9 day wave, seem in both T and 03, inten-
sifies throughout the beginning of the observation period,
reaching maximum amplitude during the second warming.
The 4.5 clay wave shows similar behavior, although the
intensifications are more localized near the warming. Al-
though the 4.5 day wave intensifies before the 9 day wave,
there isno indication that thetraveling waves in Oz lag
behind 1.

Figure 3 also shows thcamplitude of the sum of each
traveling wave andthe stationary wave (i.e. the waves
arc added taking into account their phases). Maxima oc-
cur whenthe traveling waves become in phase with the
stationary wave, once every 9 days. These coincide with
the warmings, showing thatamajor source of wave in-
tensification arises from beatling between the waves. The
wave amplitudes in the 03 ficld shows similar bchavior,
exceptl thal maximum amplitude occurs after the temper-
at ure waves.

The phase of the waves during the sccond warming (4
September at 09307) is shownin figure 4. The waves are
approximately in phase as indicated by figure 3, but, be-
cause the phase height relations are slightly different, the
wavces are in phase 1 day later at 50 hPa relative to 2 hPa;
the same time delay is scenin the zonal mean warming.
The amplitude of the O,wave 1 increases after T because
the phases of the 03 and ‘J waves arc slightly different,
resulting in the waves in O3 comming in phase later.

‘T'raveling and stationary waves have westward phase tilt
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resulting ina baroclinic zone (regions of strong vertical and
horizontal ‘J gradients tilting westward with height). As
the traveling wave moves into phase with the stationary
wave, the baroclinic zone intensifies. Figure 5 shows tem-
perature cross-sections during the second warming and 4.5
days later when the waves are out of phase. The baroclinic
zone is strongest during the warming, but is amost absent
4.5 days late]. Fairlicetal.’s [1 990] simulation of a north-
ern hemisphere major stratospheric warming showed that
formation of baroclinic zones resulted inanagcostrophic
flow and deccleration of the polar vortex. Baroclinic zones
can generate small scale waves and therefore could provide
ancnergy source for intensifying the 9and 4.5 day travel-
ing waves. Strong downward motions are often produced
by baroclinic zones [Fairlicet a., 1 990], so warming from
downward motions may be present.

The question arises as to whether the Oz waves result
from photochemistry or transport. The photochemistry of
03 is strongly temperature dependent and produces anti-
correlations between T and 03 cone.cntration [Iroidevaux
ct a., 1989]. The corrclation between 03 and ‘1" waves is
the cosine of the phase diflerence betweenthe waves which
canbe obtained from figure 4, Between 2 and 10 hP’a, the
stationary and traveling waves are positively correlated (
>0.5 at 5 and 10 hPa), inconsistent with photochemistry.
The amplitude of the photochem a 03 response to a sinu-
soidal temperature perturbation is also much smaller than
is observed. Following the lincarized treatment of Iroide-
vaux cl al. [1 989] , the 03 perturbation from a 6 K temper-
ature perturbation with a9 day period arc approximately
90 and 5 ppbv at 5and 10 hl’a (using 10 day and 100 day
photo chemical timescales). These amplitudes arc approxi -
maltely 10 and 100 times smaller than observed, suggesting
that dynamical terms not considered in the above are the
source of the observed large O,variation. As with tem-
perature, although horizontal motions are one source of
03 transport, [Manncy ct al ., submitted this issue], verti-
cal transport may be important.

Conclusions

Stratospheric. wave activity in the south during August
and September 1992 was dominated by zonal wavel con-
sisting of stationary and 9 day castward-trave ling compo-
nents. Consistent with the Matsuno mode] of stratospheric,
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warming, wave 1 intensified during the warmings. Wave 1
was intensified primarily by wave interactions between the
traveling and stationary components, but the individual
traveling waves also intensified during the study period.
This may have been caused by a baroclinic zone which was
created by the waves and intensified whenever the waves
were In phase. Wave 2 dots not play amajor role in the
warmings.

Many similaritics were seem between 03 and T at 5 and
10 hPa. The zonal mean heating ana O3 concentration
were postively correlated.  Both showed the same wave
components, andincach, the waves intensified during the
warmings. The correlation between ‘J and O,waves and
the ratio of spectra indicated that the waves in 0,were
not a result of normal photochemistry, but indicated O3
transport. The cffects of the baroclinic zone on transport
have not been ascertain, but winds derived from it may
have transported Oz both horizontally and vertically.

Sudden warmings disrupted the vortex in late winter
1988 and 1992, butl unlike 1988, the 199203 hole became
stronger than the previous ycar [{CAC, 1992]. in 1988 the
rate of O3decline rate was halted soon after the warmings
[Schoeberl et al., 1988; Kanzawa and Kawaguchi, 1 990],
but as scenin figure 1, 46 h Pa zonal mean Oz continued
to decrease through the remainder of the study period. in
summary, although wave activity associated with sudden
warmings canincrease 03 in the vortex, the presence of
warmings dots not imply a weakened hole. Further study
should provide additional information on the couplings be-
tween wave activity, sudden warmings,andthe depth and
duration of the ozone hole.
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IFig. 1. Zonal mecans of temperature at 5 hP’a (a), 10 hPa
(b) and 50 hPa (c) and of Ozatlthe same pressures (d,e,f).

Fig.2. Wave amplitude spectra versus frequency and
height at 75° S for for T (a,b) and Oz (c¢,d) for zonal
wavenumbers 1 (a,c) and 2 (b,d).

Fig. 3. The evolution of T (a) and O3 (b)wave amplitude
for zonal wavenumber 1 at 75° S and 5 hPa.Shown are
amplitudes of all spectral components (solid), castward-
propagating ‘9 day wave (dashed), eastward-l~ro})agatillg
4.5 clay wave (dotted), stationary plus 9day component
(3 clot-dash) and stationary plus 4.5 daywavecomponent
(dot-dash).

rig. 4. The longitude of the wave crest versus height of
the stationary wave (diamonds) and the 9 day castward-
propagating wave (triangles) for T (solid line)and O
(dashed line)on 4 September at 09307.

Fig. .5. The temperature cross-section al 75° Son (a) 4
September 1992 at 10007, and (b)9September 1992 at
00007.



240
Day of Yeor (1832)

24c
Doy of Yaor (1932)

Doy of Year {1992)

PO S SIS SR

260

PR SO R

28C

260

opmv
(e

ppmv

%)
P {mbor)

D250 6125 0,000
Frequancy {cyctes fdoy)
Wovs Perlos {soyy
‘ s vy Pors foorg, [} s ‘
R S SIS S ORI S

0000
Froquency {cyciea/day)

* (mvor)

U SN USRI AL SR

-0.12%

Wove Padog (d
Jiovs Purion (dors)

o}
~20f-
§ -tol-
a s
-80
~40]
t: 4t daasra e —a - duaa i aag vl st asdos PRI RSN RSN
20 20 250 %0
Ocy o Yeor {1992)
ol °
-20 ~20 -
-4 -4
b} é
L]
- 0| -50]
0] -80|
DS Y P e LI [P TIPSR P B
2% 240 260 a0
Ooy ol Yaar {1992}
o
~20
¢ g -40
§
-50
-80
" 240 250 260 23
Doy of Year {1902)
« 5 ]
O T

P T

Frquency v 1)

;gm Perad (day;]u
.

0.000
Fraquency {cycies/day)

0125

0425

0.02

010
ppmy

0.250

qpure 2




opmy

40

1T

Doy of Yeor 1992

-
4

Day of Yeor 1992

Figure 3



100/ T R IS Y SR W SO
0 90 180
Longitude of Crest

Figure 4




Pressure (2W2a)

Sressure (W2a)

10001
-180

-90

0
Longitude

7,
Sou

180

1001 ~ -1an s
-180

Longitude

Figure 5




